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Abstract

This paper proposes an improved state-of-charge (SOC)-based adaptive droop control
strategy for photovoltaic DC microgrids with distributed energy storage units (DESUs).
To overcome the slow SOC equalization and limited adaptability of conventional droop
control methods, a nonlinear arctangent-based droop coefficient adjustment mechanism is
introduced to enhance regulation sensitivity under small SOC deviations. In addition, a
capacity compensation factor and an acceleration term are incorporated to improve pro-
portional power sharing and SOC convergence speed among heterogeneous storage units.
To further evaluate the engineering significance of SOC balancing performance, a time-
integrated SOC deviation index is introduced to analyze the cumulative imbalance effect
on battery degradation and lifecycle operation. By reducing the SOC imbalance duration,
the proposed strategy contributes to mitigating uneven battery aging and may potentially
reduce long-term battery replacement costs. Simulation results under discharging, charg-
ing, and irradiance-variation scenarios demonstrate that the proposed strategy significantly
improves SOC-balancing performance compared with conventional SOC-based droop con-
trol. Across the three operating modes, the average SOC balancing time has been reduced
by 52.6%. The proposed method provides an effective and economically sustainable control
framework for distributed energy storage coordination in DC microgrids.

Keywords: SOC balance; droop control; energy storage system; DC microgrid;
voltage compensation

1. Introduction

DC microgrids have gained increasing attention in recent years due to their high efficiency,
suitability for renewable integration, and flexible control structure. In particular, photovoltaic
(PV) systems combined with distributed energy storage units (DESUs) provide a promising
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platform for local energy generation and consumption [1-3]. However, managing the state-of-
charge (SOC) balance among DESUs while maintaining DC bus voltage stability remains a
major challenge, especially in decentralized and communication-limited environments.

In DC microgrids with multiple parallel energy storage units (ESUs), state-of-charge
(SOC) imbalance is a critical issue that can severely compromise system performance
and reliability. An unbalanced SOC distribution leads to disproportionate charging and
discharging among ESUs, accelerating the degradation of certain battery modules while
underutilizing others. This not only reduces the overall energy storage capacity and
lifespan but also increases the likelihood of overcharge or deep discharge, potentially
triggering protective shutdowns and compromising system availability. Furthermore, SOC
imbalance can impair power-sharing accuracy, resulting in unstable bus voltage regulation
and reduced microgrid resilience under fluctuating load or generation conditions [4].
Therefore, effective SOC balancing control is essential for maintaining both the operational
safety and long-term economic viability of DC microgrids.

Over the past decade, various SOC balancing strategies have been developed to ad-
dress the aforementioned challenges. Conventional approaches typically rely on droop
control with SOC-dependent coefficients [5], allowing units with higher SOC to contribute
more power during discharge and absorb less during charge, thereby promoting gradual
equalization. Advanced methods extend this principle by integrating model predictive con-
trol, fuzzy logic-based adaptive droop, or distributed consensus algorithms, which enhance
balancing speed and adaptability under dynamic operating conditions. Hardware-based
solutions, such as active and passive balancing circuits, have also been explored to directly
redistribute charge between modules. While these methods have demonstrated varying
degrees of effectiveness, they often involve trade-offs between control complexity, conver-
gence speed, and system scalability. Consequently, there remains a need for SOC balancing
strategies that combine rapid convergence, robustness to operational uncertainties, and
ease of integration into existing microgrid control frameworks.

A widely adopted approach for decentralized control in DC microgrids is the droop
control strategy [6-8], which adjusts the output current of each storage converter based on a
predefined voltage-current slope [9]. This method enables proportional load sharing without
relying on centralized communication. However, conventional droop control neglects the SOC
status of individual batteries [10], often resulting in SOC divergence, bus voltage deviations,
and inefficient energy utilization. For example, fixed droop coefficients may cause energy-rich
units to be underutilized and low-energy units to face overdischarge risks.

Recent studies have proposed advanced SOC balancing methods, such as fuzzy adap-
tive control, consensus-based control, MPC, and distributed optimization approaches.
While these methods can achieve excellent balancing performance, they often involve
higher computational complexity, communication requirements, or implementation costs.
In contrast, the proposed method focuses on improving the conventional droop-control
framework while preserving its decentralized structure and implementation simplicity.
Many researchers have explored improved control strategies. Model Predictive Control
(MPC)-based droop tuning [11] and voltage-compensated strategies [12] have demon-
strated enhanced system responsiveness. More recently, Al-based approaches such as
reinforcement learning, fuzzy logic, and neural networks have been applied to predict
SOC, dynamically adjust droop coefficients, or optimize power sharing [13-15]. These
data-driven methods show strong adaptability in nonlinear environments and uncertain
conditions. In addition, Multi-Agent Systems (MAS) have gained traction for their capa-
bility to support distributed decision-making and coordination among multiple DESUs.
MAS-based droop control frameworks enable decentralized cooperation through local
agents, increasing system resilience and flexibility.
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Simulation results demonstrate that the average balancing time of the SOC has been
reduced by 52.6% under the three different operating modes. Furthermore, this paper also
demonstrates that the reduction in unbalanced time will potentially lead to a decrease in
the cost of energy storage units.

The main contributions of this paper are summarized as follows:

(1) Animproved SOC-based adaptive droop control strategy is proposed for DC micro-
grids, in which a nonlinear arctangent function is employed to enhance the sensitivity
of droop coefficient adjustment under small SOC deviations, effectively accelerating
SOC equalization.

(2) A capacity-aware compensation mechanism is incorporated into the droop coefficient
design, enabling proportional power sharing among distributed energy storage units
with heterogeneous capacities.

(3 An acceleration factor is introduced to further improve the SOC convergence speed
without increasing control complexity or inducing excessive transient instability.

(4) The proposed control strategy is comprehensively evaluated through MATLAB/Simulink
simulations under discharging, charging, and irradiance variation scenarios, demonstrat-
ing significant improvements in SOC balancing speed and overall dynamic response
compared with conventional SOC-based droop control methods.

(5) A time-integrated SOC deviation perspective is introduced to discuss the potential
impact of SOC imbalance duration on battery degradation accumulation and long-
term economic performance of DC microgrids.

2. Traditional Droop Control Strategy

In this study, conventional droop control strategies are categorized into two types:
those that do not consider SOC balancing and those that do. The traditional droop control
strategy without SOC balancing achieves output current sharing among converters by
adjusting the value of virtual resistance. However, due to constraints imposed by bus
voltage regulation and current distribution, the virtual resistance must be selected within
an appropriate range—it should be neither too large nor too small. On the other hand,
traditional droop strategies that account for SOC balancing also face a dilemma in param-
eter tuning, as they struggle to simultaneously ensure system stability and improve the
efficiency of SOC equalization.

2.1. Traditional Droop Control Strategy Without SOC Balancing Consideration
2.1.1. Strategy Without SOC Balancing Consideration Introduction

Since there is no reactive power flow in DC microgrids, the bus voltage can be directly
used as a reference variable to maintain voltage stability [16-18]. A voltage—current dual-
loop control strategy is adopted, in which the inner loop controls the current and the outer
loop regulates the voltage [19]. The control block diagram is shown in Figure 1.

Drooping

control

Loop Voltage-current loop

Figure 1. Traditional droop control chart.
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The droop control method draws inspiration from the characteristics of conventional
synchronous generators. By multiplying a predefined virtual resistance Ry, with the output
current i,, a droop voltage U, signal is generated. This signal is then subtracted from the
bus reference voltage to obtain an updated voltage reference U, o As shown in Figure 1, PIy
and PI; represent the proportional-integral (PI) control coefficients for voltage and current
loops, respectively. R; denotes the virtual resistance. Since R} is a virtual component, it
does not cause actual power loss. In practical applications, adjusting the value of R;, allows
for balanced current and power sharing among converters without requiring additional
communication links [20]. The corresponding characteristic expression is given as follows:

* .
uref = ure?f —1io-Rp 1
To present its drooping characteristic more intuitively, the floor plan is shown in
Figure 2.
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Figure 2. Voltage—current droop characteristic.

Next, this paper illustrates the topological principle that “equal distribution of con-
verter output current and power can be achieved by adjusting only the Ry, coefficient”
through a specific example. The scenario is described as follows.

The circuit diagram for the case where two DESUs converters are connected in parallel
is shown in Figure 3.

Converter 1
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Converter 2
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I_ . _Rm_ 3 Ra
Fa [ In
GND

Figure 3. Parallel equivalent circuit diagram of the control converter.
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In Figure 3, U; and U, represent the output voltages of the two DESUs convert-
ers, Ry1 and Rj, are the virtual resistances of the converters, Ry and R, denote the line
impedances between the converters and the DC bus, and R is the load resistance. Based
on the equivalent circuit shown in Figure 3, the relationship between the converter output
reference voltage and output current can be derived as follows [21]:

(2)

Uy — Li(Rpp +Ry) —IpRo =0
Uy — (R +Ry) — IpRy =0

In the equation, I; and I, represent the output currents of the converters.
From Equation (2), the current ratio between the two converters can be obtained as:

171 _ (RLZ + Ry + Ro)U1 — URy
I, (Rp1+ Ry +Ro)Uz — URg

©)

In DC microgrids, the line impedances R; and R; are typically much smaller than the
predefined virtual resistances Ry and Ry, due to the relatively short line distances. Therefore,
when the output voltages of the distributed energy storage units (DESUs), U; and Uy, are
equal, the current ratio between the converters can be approximately expressed as:

L _Rp

— 4
L, Ry @

From Equation (4), it can be concluded that, under the condition of equal output
voltages among the distributed energy storage units (DESUs), the output current of the
converters can be regulated by adjusting the values of the virtual resistances, thereby
achieving current-sharing control.

In DC microgrids with DESUs of heterogeneous power ratings, proportional power
sharing (rather than equal sharing) is often required to match converter capacities. As de-
rived from Equation (4), the current ratio between two converters is inversely proportional
to their droop coefficients. By intentionally setting R;; values according to unit capacities
(e.g., Rp1/Rr2 = Cp/Cy), the proposed strategy naturally enables capacity-weighted power
distribution while maintaining SOC balancing.

2.1.2. Strategy Without SOC Balancing Consideration Limitation

To minimize the influence of line impedance on current distribution, the virtual
resistance is typically set to a relatively higher value. However, an excessively large virtual
resistance may lead to a noticeable voltage drop on the DC bus. This voltage drop, denoted
as AU, can be expressed as:

AU = (RL + Ri)io )

The impact on voltage and current is illustrated in Figure 4.

As shown in Figure 4, when the virtual resistance is set to a relatively low value, the
voltage drop AU on the DC bus remains small. However, the difference in output currents
between converters Alj; becomes significant, preventing balanced current sharing [22].
Conversely, increasing the value of the virtual resistance helps to reduce the current devia-
tion among modules, but it also aggravates the voltage drop Al;»* on the DC bus, thereby
compromising voltage stability.

Therefore, when selecting the droop coefficient, it is necessary to strike a balance
between current sharing and voltage stability. Typically, to avoid excessive bus voltage
drop, the virtual resistance should be set below the AlU,;4y ratio of the maximum allowable
bus voltage deviation to the output current iomax Alternatively, a bus voltage compensation
strategy can be employed for correction.
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Figure 4. Voltage-current influence diagram.

However, in conventional droop control schemes, the virtual resistance is usually fixed
and does not take into account the state of charge (SOC) of the battery. This limitation may
lead to battery overdischarge, consequently reducing its service life. To address this issue,
this paper proposes an optimized droop control strategy in which the droop coefficient is
dynamically adjusted based on the real-time SOC status of the battery. This approach not
only extends the battery lifespan but also ensures rational power distribution and stable
operation of the DC microgrid.

2.2. Conventional Droop Control Strategies Considering SOC Balancing
2.2.1. Strategies Considering SOC Balancing Introduction

As analyzed above, the use of a constant virtual resistance in traditional droop control
may result in battery overcharging or overdischarging, which shortens the battery lifespan
and adversely affects the reliable operation of the power system.

The state of charge (SOC) of the battery is defined as shown in Equation (6):

Q
S0C = = 6
c ©)

In the equation, Q is the rated charge capacity of the energy storage unit, and C; is its
rated energy capacity.

In DESUs, the SOC estimation of the battery is conducted using the Coulomb counting
method, as described in the literature [23]. The calculation is given in Equation (7):

1 t
S0C; = S0Ci — = /O iipardt @)
1

In the equation, SOCj; is the real-time state of charge of the energy storage unit,
SOCj is the initial SOC value, i;5,; is the output current of the storage unit, and C; is the
capacity of the energy storage unit.

The output power of a DESU is given by:

P = Ujpatiipat (8)

In the formula: iy, is the output current of the energy storage unit; Uy, is the output
voltage of the energy storage unit is.
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When two energy storage devices are connected in parallel, the SOC state formula is:

{soq = S0Cy0 — = [ padit ©)

SOC; = SOCy — g J padt

The setting formula of the droop coefficient based on SOC equalization [24] is shown
in Equation (10) as follows:

R(SOC ) _ k()SOCn, Pi <0 (10)
v %&,},Pi >0

In the formula: n is the exponential coefficient, and it is equal to 3 in the simulation
of this paper; Ky is the initial value of the sagging coefficient and it is equal to 2.5 during
the simulation in this paper. In Equation (10), the coefficients ky, Ky, and the exponent n
jointly determine the adaptive slope of the SOC-based droop function. A larger n value
accelerates SOC convergence but may induce transient current overshoot, whereas a smaller
n provides smoother regulation at the cost of slower balancing speed [25]. The constants
ko and Kj are tuned to balance the responsiveness of power redistribution and voltage
stability under both charging (P; < 0) and discharging (P; > 0) modes. The values adopted in
the simulations were selected through preliminary trials to achieve a compromise between
rapid SOC equalization and minimal voltage deviation.

In traditional SOC-based droop control methods, the droop coefficient is adjusted
according to the current SOC value of the battery, enabling a certain degree of SOC bal-
ancing [26]. However, since the SOC variation during operation is relatively small, the
corresponding adjustment range of the droop coefficient is limited, making it difficult to
achieve rapid SOC equalization. Although increasing the exponential factor n can accelerate
the balancing process, it may also lead to system instability [27].

2.2.2. Strategies Considering SOC Balancing Limitation

However, due to the relatively small variation range of the SOC during operation, the
adjustment range of the droop coefficient is limited, making it difficult to achieve rapid
SOC equalization. Although increasing the exponential factor n artificially can accelerate
the balancing process, it may lead to a reduction in system stability [28]. Therefore, this
paper proposes an improved design of the droop coefficient to enhance SOC equalization
efficiency while preserving stable system operation under the studied conditions.

3. Improve SOC Equalization Control Strategy

To address the limitations of traditional SOC-based droop control methods—including
slow convergence and insufficient adaptability—this section introduces a refined multi-
layered droop coefficient framework [29]. The enhanced approach incorporates a nonlinear
arctangent-based response, capacity compensation, an acceleration factor, and a protection
mechanism. These components collectively form a dynamic and physically interpretable
droop adjustment system.

3.1. Motivation and Overview

Conventional SOC-driven droop coefficients often exhibit limited sensitivity due to the
small dynamic range of SOC during normal operation [30]. This restricts the controller’s
ability to equalize energy quickly [31]. To overcome this, the proposed method formulates
a flexible droop coefficient adjustment using the arctangent function, which provides a
smooth and nonlinear response to SOC deviations. Additionally, capacity discrepancies
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among energy storage units (ESUs) are considered by introducing a compensation term,
and the system’s responsiveness is further enhanced through an acceleration factor.

It should be emphasized that the proposed method is not intended to replace ad-
vanced control frameworks such as model predictive control (MPC), fuzzy-logic control, or
consensus-based distributed control. Instead, the objective of this study is to improve the
SOC balancing performance of conventional droop control while preserving its decentral-
ized structure, low computational burden, and ease of implementation.

Compared with existing SOC-based droop strategies, the proposed approach en-
hances droop coefficient adaptability through an arctangent-based nonlinear adjustment
mechanism, capacity-aware compensation, and an acceleration factor. These modifica-
tions improve SOC equalization speed without introducing additional communication
requirements or complex optimization procedures.

3.2. Mathematical Formulation

The improved droop coefficient is calculated using;:
Ry = Ry + w; - arctan[N; - (SOC; — SOCy)] (11)

In the formula: Ry is base droop resistance; ; is capacity compensation factor; N; is
Acceleration factor (nonlinear gain); SOC; is real-time state of charge of unit; SOCj is
reference SOC (typically system average).

The compensation and acceleration terms are defined as:

G

Cmux

a; = Ky (12)

N; = Ky - |SOC; — SOCy| (13)

In the formula: C;is capacity of unit; Cy,y is maximum capacity among all ESUs;
Ky, Ky are design constants (set to 1 and 3 respectively in simulation).

When SOC; = SOCy, the deviation vanishes, the droop coefficient returns to its default
initial value Ry, the gain term reduces to zero, and no additional modulation is imposed on
the droop characteristics. At this point, the droop characteristic can be expressed as:

Urer = Uref — ipatR(S0C;) (14)

To ensure a fair comparison, both the traditional and proposed droop control strategies
are implemented using the same exponential gain parameter n = 3.

The parameters K,, Ky, n, and Ry adopted in this study were selected through
preliminary simulation trials to achieve a compromise between SOC balancing speed,
voltage regulation performance, and operational stability. In particular, excessively large
values of Ky and n may accelerate SOC convergence but could increase transient current
fluctuations, whereas excessively small values may lead to slower balancing performance.
Therefore, the selected parameter set represents a practical engineering trade-off under the
considered operating conditions.

It should be noted that the parameter values reported in this paper are not intended to
represent universally optimal settings for all DC microgrid configurations. Their optimal
selection may depend on system topology, storage capacity, converter ratings, and operating
conditions. A comprehensive parameter sensitivity analysis and optimization study will be
considered in future work.
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3.3. Physical Interpretation and Component Summary

The summary of the functions of each component in the improvement method is
shown in Table 1.

Table 1. Functional Roles of Components in the Multi-Layered Droop Control Design.

Component Role
Arctangent Function Enables smooth, nonlinear adaptation of Rp; to SOC deviation.
Capacity Compensation («;) Ensures power distribution is proportional to ESU capacity.
Acceleration Factor (N;) Amplifies droop sensitivity for faster SOC balancing.
Base Resistance (Ry) Default droop value when no deviation is present.

Flexible Response Module (Arctangent): Smooth transition helps mitigate abrupt droop
coefficient variations and contributes to stable operating behavior. When SOC; > SOCy,
Rp; increases (during charging), discouraging further energy intake. When SOC; < SOC,
R}; decreases (during discharging), encouraging more contribution. Compared to the exponen-
tial SOC control in Equation (10), the arctangent-based function in Equation (11) offers a broader
linear operating range and smoother response, allowing the controller to avoid saturation while
maintaining fast and stable SOC balancing.

Capacity Compensation Module: Adjusts Ry; proportionally to the relative capacity
of each unit, enabling fair energy allocation and preventing overburdening smaller units.

Acceleration Factor: Increases responsiveness to large SOC imbalances, improving
convergence without aggressive gain settings.

It should be noted that the primary objective of the proposed strategy is to accelerate
SOC equalization through adaptive droop coefficient adjustment. The arctangent function
was intentionally selected because of its continuous and bounded characteristics, which
prevent abrupt parameter changes that may adversely affect converter operation. In addi-
tion, the proposed control law preserves the conventional droop-control structure and only
modifies the droop coefficient adaptively according to SOC deviation. Therefore, the strat-
egy does not introduce additional feedback loops or high-order dynamic components that
could significantly alter the original system dynamics. Additional system-level simulation
results are provided in Section 4.4 to evaluate the influence of the proposed strategy on
overall DC microgrid operation.

The arctangent function was selected due to its continuous, bounded, and smoothly
varying nonlinear characteristics. Compared with exponential-based adaptive droop meth-
ods, the arctangent function provides a more gradual transition when the SOC difference
becomes large, thereby reducing the risk of excessively aggressive parameter variations.
Compared with fuzzy-logic-based approaches, the proposed method does not require rule-
base design, membership function tuning, or extensive parameter adjustment, resulting in a
simpler implementation with lower computational complexity. Furthermore, the bounded
output characteristic of the arctangent function naturally limits the variation range of the
adaptive droop coefficient, which is beneficial for maintaining smooth control behavior
throughout the SOC equalization process.

As shown in Table 2, existing adaptive SOC balancing strategies mainly focus on
improving equalization speed through nonlinear droop adjustment or intelligent control
techniques. However, many methods either increase implementation complexity or lack
consideration of the long-term economic impact associated with SOC imbalance. The pro-
posed approach combines a bounded arctangent-based adaptive droop mechanism with an
economic-performance-oriented evaluation framework, providing a balance between con-
trol effectiveness, implementation simplicity, and lifecycle sustainability. Table 2 presents a

https:/ /doi.org/10.3390/app16147358


https://doi.org/10.3390/app16147358

Appl. Sci. 2026, 16, 7358

10 of 20

qualitative comparison based on the simulation results obtained in this study. The evalua-
tion criteria are defined according to key performance indicators, including SOC balancing
speed, voltage stability, and current sharing performance.

Table 2. Comparison of representative SOC balancing control methods.

Method Adapive  Computonal Tt o poundedness (DO
Fixed droop control Low Low Simple Yes No
Exponential droop control Medium Low Moderate No No
Fuzzy adaptive control High High Complex Depends on design No
Neural-network-based control High Very high Complex Depends on training No
Proposed arctangent adaptive droop High Low Simple Yes Yes

3.4. Protection Mechanism

To ensure operational safety, a threshold-based cutoff mechanism is employed. If it
exceeds upper/lower bounds, the unit is temporarily removed from service. This prevents
overcharge/discharge conditions.

According to Figure 5, the SOC values of all DESUs were constrained within the
predefined safety range of 10-90% throughout the simulation. These results quantitatively
verify the effectiveness of the proposed protection mechanism.

soct
2 ———S0C2
——soc3

I | | | I
0 5 10 15 20 25 30
Time(s)

Figure 5. Performance of the Protection Mechanism During Simulation.

3.5. Algorithm Flow

To clarify the implementation logic of the proposed control strategy, a flowchart is
provided in Figure 6, which illustrates the sequential process of calculating the adaptive
droop coefficient based on real-time SOC values. The strategy integrates a nonlinear
arctangent-based adjustment, capacity-aware compensation, and an acceleration factor
to dynamically reshape the droop behavior according to the system state. Additionally,
a protection mechanism is embedded to prevent overcharge or overdischarge conditions
by enforcing SOC thresholds. This multi-layered structure enables responsive and safe
coordination among distributed energy storage units in DC microgrids.

It should be noted that the proposed method preserves the conventional droop-control
framework and only adaptively modifies the droop coefficient according to the SOC deviation.
The adopted arctangent function is continuous and bounded, which prevents abrupt coefficient
variations and helps ensure smooth control action. Furthermore, no additional feedback loops or
higher-order dynamic components are introduced into the original control structure. Therefore,
the proposed strategy mainly affects the transient equalization process while retaining the
fundamental operating characteristics of conventional droop control.
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; Acquire The data of Compute SOC Compute capacity
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Start / System Init Nelo deviation compensation factor

Calculate Output Compute acceleration
Output Control Signals ¢———————————  Current/Power i and 0.1<50 . factor
droop equation
End / Loop

ELSE

C<0.9

Disable output

Figure 6. Control flow of the proposed SOC-based adaptive droop strategy.

4. Analyze the System Simulation

To verify the effectiveness of the proposed SOC-balancing-based improved droop
control strategy, a photovoltaic DC microgrid simulation platform was developed using
Simulink. The simulation system comprises three parallel energy storage subsystems
(ESS1, ESS2 and ESS3), a photovoltaic generation system (PV), and a DC load. The energy
storage subsystems are connected to the common DC bus through bidirectional DC/DC
converters, and voltage droop control is employed to achieve power distribution and
energy management.

The PV generation module incorporates a variable irradiance model to evaluate the
system’s adaptability under dynamic environmental conditions. All control strategies,
including the conventional droop control and the proposed adaptive improved droop
control, are implemented via discrete controllers with a control cycle of 1 ms.

During the simulation, system performance was tested under three scenarios: dis-
charging, charging, and irradiance variation. These tests were designed to comprehensively
evaluate the proposed strategy’s effectiveness in improving SOC equalization speed under
various operating conditions.

To facilitate understanding of the proposed control strategy, a simplified control block
diagram is provided in Figure 7. The diagram illustrates the main signal flow and key
components of the proposed adaptive droop mechanism, including the SOC deviation
calculation, arctangent-based nonlinear adjustment, capacity compensation factor, accelera-
tion factor, and droop coefficient generation process. Compared with the detailed Simulink
implementation model, the simplified block diagram more clearly highlights the control
logic and the contribution of each functional module.

Capacity
Arctangent 4
A SOC . Compensation
Function
Factor a
Droop Improved Droop Acceleration
Controller Coefficient ki Factor B

Reference
Voltage Uref

Bidirectional
DC/DC Converter

Output Current
[

Figure 7. Control structure of the proposed SOC-adaptive droop strategy.
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Specific simulation parameters are set as follows: The reference value for the DC bus
voltage is U = 400 V. In the simulation model, the port voltage of each battery unit is set
to 200 V with a capacity of 2 Ah. The connected load is purely resistive with a resistance of
5 Q). The maximum and minimum state of charge (SOC) of the energy storage units are
set to 90% and 10%, respectively. The internal resistance of the battery is set to 1 (). In the
voltage compensation control loop, the proportional and integral gains of the PI controller
are kp = 2 and k; = 30, and the filter inductance L is set to 5 mH.

In the Boost converter section, the circuit component parameters are set as follows:
the photovoltaic side filter capacitor Cpy = 10, boost inductor L = 0.06 and output side filter
capacitor C = 20 mF. For the control system, the parameters of the voltage loop PI controller
are kpy = 1 and kj, = 20, while the integral gains of the current loop PI controller are
kpi =1and kﬁ =1

4.1. Single-Operating-State Control Strategy
4.1.1. Simulation Analysis of Control Strategy in Discharge Mode

To evaluate the effectiveness of the proposed improved droop control strategy in
enhancing SOC balancing during the discharging mode, a constant-load discharging simu-
lation was conducted.

In this test, the system was subjected to a constant power load, while the solar ir-
radiance was kept unchanged throughout the discharge process to isolate the effects of
external disturbances.

The performance of the proposed strategy was compared with that of the conventional
droop control by analyzing the evolution curves of the SOC in each energy storage unit.
These comparisons aimed to assess the proposed method’s advantages in promoting
dynamic energy equalization.

In the discharging mode, the maximum output power of the photovoltaic system is set
to 15 kW. The initial state of charge (SOC) of the three energy storage units is set as follows:
S50C1 = 63%, SoCy = 60%, and SoC3 = 57%. During the simulation, the line resistance is
uniformly set to 0.01 . For the traditional droop control strategy, the droop coefficients of
the three energy storage units are all set to 0.5 as a baseline for comparison.

SOC Evolution in Discharge Mode

As shown in Figure 8, the traditional droop control strategy, with a fixed droop coefficient,
cannot dynamically adjust based on the state of charge (SOC) of the energy storage units, making
it difficult to achieve SOC balance between different DESUs. As seen in Figure 8a, the three
DESUs only gradually reach SOC equality after 47.5 s of simulation. In contrast, the improved
control strategy introduces the arctanx function and overlays the droop amplification coefficient,
allowing the droop coefficient to respond more sensitively to SOC variations. In Figure 8b,
it can be observed that the three energy storage units achieve SOC equilibrium within 25 s.
The optimized control method has shortened the balancing time by 47.4%.

30 40 50 60 o 10 20

30 40 50 60
Time(s) Time(s)

(a) Carry out the control scheme before improvement (b) Carry out the improved control scheme

Figure 8. Comparison chart of the SOC status of energy storage units before and after improvement.
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4.1.2. Simulation Analysis of Control Strategy in Charging Mode

To further validate the adaptability and performance advantages of the proposed
improved droop control strategy under charging conditions, a simulation was conducted
under constant irradiance.

In this scenario, a stable-output photovoltaic array is connected to the system, and under
low load demand, the excess energy is preferentially stored in the energy storage units.

By comparing the SOC evolution trends during the charging process under both the
conventional droop control and the proposed strategy, the effectiveness of the proposed
method in accelerating SOC equalization is comprehensively evaluated.

In charging mode, the maximum output power of the photovoltaic modules is set to
20 kW. The initial state of charge (SOC) of the three energy storage units (DESUs) is set as
follows: SoCy = 18%; SoCy = 17%; SoCz = 16%. During the simulation, the line resistance
is uniformly set to 0.01 . For the traditional droop control strategy, the droop coefficients
of the three energy storage units are all set to 1 as a baseline comparison condition.

SOC Evolution in Charging Mode

Figure 9 shows the comparison of the SOC variations in three energy storage units
(DESUs) under two different droop control strategies in charging mode.

20 40 50 60 0 10 20 40 50 60

30 30
Time (s) Time(s)

(a) Carry out the control scheme before improvement (b) Carry out the improved control scheme

Figure 9. A comparison chart of the SOC status of the energy storage unit before and after improve-
ment in charging mode.

Figure 9a shows the pre-improvement SOC-based droop control scheme. Although
this strategy can achieve SOC balance for the three energy storage units, the balancing
speed is relatively slow since no acceleration mechanism was introduced. The SOC balance
is only achieved around 38 s.

In Figure 9b, the improved control scheme introduces a nonlinear function and a
droop amplification factor, significantly enhancing the balancing efficiency. The three
energy storage units reach an identical SOC state in about 18.5 s. Compared to the pre-
improvement scheme, the optimized control method has shortened the balancing time by
51.3%, confirming the effectiveness of the strategy in improving charging efficiency and
system dynamic response.

4.2. Multi-Scenario Adaptive Control Strategy

To assess the adaptability and robustness of the proposed improved droop control
strategy under dynamic external conditions, a simulation was conducted with varying
solar irradiance.

In this test, step changes in irradiance were introduced to emulate real-world fluctua-
tions in solar radiation and their impact on system operation.

By comparing the SOC variation curves of the energy storage units under both the con-
ventional droop control and the proposed strategy, the effectiveness of the proposed method in
maintaining energy balance in the presence of irradiance disturbances is verified and analyzed.
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In the practical application scenario of a photovoltaic-storage hybrid DC microgrid,
due to the fluctuations in sunlight intensity, the output power of the photovoltaic generation
often varies. To verify the operation performance of the energy storage system under
changing sunlight conditions, this study conducted a simulation analysis, focusing on the
effectiveness of the Distributed Energy Storage Units (DESUs) in balancing the battery
state of charge (SOC) during continuous charging and discharging. Specifically, during
the operation, the photovoltaic module is in the discharging stage from 0 to 20 s, with a
maximum output power of 15 kW. At 20 s, the output power suddenly drops to 10 kW
and remains stable at this level until 40 s. From 40 s onwards, the photovoltaic module
enters the charging state, with the output power increasing to 20 kW and maintaining
this level until the end of the simulation. Under this control strategy, DESUs discharge
from 0 to 20 s and gradually reach the SOC equilibrium. After 40 s, when the photovoltaic
output increases, DESUs switch to a stable charging mode. The initial working state of
charge for the three energy storage units is set as follows: SoC; = 44%; SoCy = 42%;
S0C3 = 40%.

SOC Evolution in Multi-Scenario

From Figure 10a, it can be observed that with the original control strategy, the system
achieves SOC equilibrium at 39 s. When the photovoltaic output power suddenly increases
to 20 kW at 40 s, the energy storage system begins to enter the charging state. In contrast,
Figure 10b shows the results obtained using the optimized control strategy: the three
distributed energy storage units (DESUs) achieve preliminary SOC convergence at 16 s.
By 20 s, when the photovoltaic output drops from 14 kW to 10 kW, the energy storage
system accelerates discharging and maintains a relatively stable operation. By 40 s, the
SOC of the three storage units is fully balanced. Subsequently, as the photovoltaic output
increases, the system enters the rapid charging phase. Compared to the original strategy;,
the optimized control method has shortened the balancing time by 59%.

—s0C2
soc3

AN 38
~

20 30 20 50 60 0 10 20 30 40 50 60
Time(s) Time(s)

(a) Carry out the control scheme before improvement (b) Carry out the improved control scheme

Figure 10. A comparison chart of the SOC status of the energy storage unit before and after improve-
ment in Multi-Scenario.

4.3. Economic Perspective Analysis

In conventional studies of SOC balancing control for DC microgrids, the evaluation criteria
are mainly focused on dynamic indicators such as balancing speed, voltage recovery time, and
transient stability [32-34]. However, the long-term economic impact caused by prolonged SOC
imbalance among distributed energy storage units (DESUs) is often neglected.

In practical engineering systems, sustained SOC imbalance may lead to uneven
charge/discharge stress among battery units, resulting in accelerated local degradation,
inconsistent aging, and reduced effective lifetime of the energy storage system [35]. Con-
sequently, reducing the duration of SOC imbalance is not only beneficial for dynamic
control performance but also important for potentially lowering lifecycle operating costs.
It should be noted that the following analysis is intended to provide a simplified qualitative
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framework for illustrating the potential relationship between SOC imbalance duration and
long-term battery utilization efficiency. The model does not attempt to comprehensively
represent all battery aging mechanisms and should not be interpreted as a rigorous lifetime
prediction model.

To quantitatively evaluate the cumulative influence of SOC imbalance, a time-
integrated SOC deviation index is introduced as follows:

T n
Jsoc = [ 121SOC; = SOCudt (15)
i=1

SOC; represents the real-time state of charge of the ith energy storage unit, S OCpyg de-
notes the average SOC of the system, and T is the total operating duration.

The proposed indicator reflects the cumulative imbalance degree experienced by the energy
storage system during operation. A larger Jsoc value indicates either a larger SOC deviation or
a longer imbalance duration, both of which contribute to intensified battery degradation.

Considering that battery aging is closely associated with long-term unequal charg-
ing/discharging stress [36], the cumulative degradation factor can be approximately ex-
pressed as:

D =k-Jsoc (16)

where D is the cumulative degradation level and k is the degradation coefficient associated
with battery characteristics.
Based on the cumulative damage concept, the effective lifetime of the battery system
can be estimated as:
L=Ly—-D (17)

where L is the theoretical lifetime under ideal balanced operation conditions and L is the
actual effective lifetime under practical operating conditions.
Accordingly, the battery replacement cost during the system lifecycle can be approxi-

mately described by:
G
L

where C; is the investment cost of the battery system and Cy), represents the equivalent

Crep - (18)

replacement cost per operating cycle or unit time.

From the above relationship, it can be observed that reducing the SOC imbalance duration
effectively decreases Jsoc, thereby mitigating cumulative degradation and contributing to
improved battery utilization. As a result, the long-term replacement and maintenance costs of
the energy storage system can be potentially reduced. Battery degradation in practical energy
storage systems is affected by multiple factors, including temperature, depth of discharge,
charge/discharge rate, cycle number, and calendar aging. Therefore, the proposed indicators
are intended to reflect the relative influence of SOC imbalance duration rather than provide
quantitative predictions of battery lifetime or replacement cost.

The simulation results presented in Sections 4.1 and 4.2 demonstrate that the proposed
control strategy significantly shortens the SOC equalization time under different operating
conditions. Specifically, the balancing time is reduced from 47.5 s to 25 s in discharging
mode, from 38 s to 18.5 s in charging mode, and from 39 s to 16 s under irradiance variation
conditions. The reduction ratios reach 47.4%, 51.3%, and 59%, respectively.

To provide a quantitative illustration of the economic-performance indicators intro-
duced in Equation (15), Table 3 calculates Jsoc for each of the various working conditions.
The values of the cumulative SOC imbalance index Jsoc reported in Table 3 are calculated
according to (15) based on the simulation data. The numerical integration is performed
using the recorded SOC values over the entire simulation interval with a sampling time of
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0.0001 s. The resulting index reflects the accumulated SOC deviation among energy storage
units over time and is expressed in a dimensionless form.

Table 3. Comparison of Jsoc.

Operating Mode Conventional Proposed Reduction
Discharging 104.61 45.08 56.9%
Charging 30.55 8.66 71.6%
Irradiance variation 59.60 27.63 53.6%

Table 3 indicates that the proposed control strategy significantly reduces Jsoc com-
pared with the conventional SOC-based droop control strategy. Specifically, Jsoc is reduced
by 56.9%, 71.6%, and 53.6% under discharging, charging, and irradiance variation condi-
tions, respectively.

According to Equations (16) and (17), the reduction of Jsoc contributes to mitigating
degradation accumulation and improving the effective utilization of battery assets. Al-
though the proposed analysis does not constitute a rigorous battery lifetime prediction
model, these quantitative results provide further evidence that accelerating SOC equaliza-
tion may offer potential economic benefits in long-term DC microgrid operation.

These improvements indicate that the DESUs remain in an imbalanced operating state
for a substantially shorter duration, which directly reduces the cumulative SOC deviation
index Jsoc. Consequently, the proposed strategy contributes not only to enhanced dynamic
performance but also to reduced battery degradation accumulation and improved economic
efficiency throughout the lifecycle of the DC microgrid.

Therefore, compared with traditional SOC-based droop control strategies, the pro-
posed method provides a more economically sustainable solution for distributed energy
storage coordination, offering potential benefits in battery replacement cost reduction and
long-term system asset management.

4.4. Discussion on Overall DC Microgrid Operation

Although the primary objective of the proposed strategy is to improve SOC equalization
performance among distributed energy storage units (DESUs), its influence on the overall
operation of the DC microgrid should also be evaluated. Since the proposed method adaptively
modifies the droop coefficient according to the SOC deviation, it is important to verify that this
modification does not adversely affect system-level operating characteristics.

To investigate the impact of the proposed control strategy on DC microgrid operation,
the DC bus voltage response was further analyzed in Charging Mode. The corresponding
simulation result is shown in Figure 11.

As illustrated in Figure 11, the DC bus voltage fluctuates within approximately +0.75%
of the nominal value, which demonstrates that the proposed strategy maintains acceptable
voltage regulation performance. The voltage deviation remains within an acceptable
range during both charging and discharging transitions, indicating that the proposed
SOC-adaptive droop control strategy preserves satisfactory voltage regulation performance
while improving SOC equalization efficiency.

Moreover, the load current remains smooth without significant fluctuations, reflecting
stable system operation. The PV output follows its expected generation profile and is
not adversely affected by the proposed method. Meanwhile, the output currents of the
storage units exhibit coordinated and smooth dynamic responses, which contribute to both
effective SOC balancing and reliable system performance.
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Figure 11. DC bus voltage curve graph.

The reason for this behavior is that the proposed method retains the conventional droop-
control framework and only adaptively adjusts the droop coefficient according to the SOC
deviation. Therefore, the fundamental operating characteristics of the original DC microgrid
control system remain unchanged. These results suggest that the proposed strategy can
improve SOC balancing performance without causing noticeable degradation of the overall
operating performance of the DC microgrid under the considered operating conditions.

4.5. Practical Implementation Considerations

Although the present study focuses on simulation-based verification, the proposed
control strategy is suitable for practical implementation in DC microgrid controllers. The
algorithm mainly consists of SOC acquisition, arctangent function evaluation, and adaptive
droop coefficient updating, which involve relatively simple arithmetic operations and do
not require iterative optimization procedures or complex intelligent-control algorithms.
Therefore, the computational burden is low and can be readily accommodated by commonly
used digital control platforms such as DSPs and microcontrollers.

It is worth noting that oscillatory behavior (similar to hunting) may occur when the
SOC difference between energy storage units exceeds approximately 2%. This phenomenon
is mainly caused by the dynamic interaction between the adaptive droop coefficient adjust-
ment and the SOC balancing mechanism.

Specifically, when the SOC deviation becomes relatively large, the proposed control strategy
increases the regulation effort to accelerate SOC equalization. This may lead to temporary
oscillations in current and voltage responses due to the closed-loop feedback dynamics.

However, these oscillations are bounded and gradually damped over time, and therefore
do not affect the overall stability of the DC microgrid. In practical operation, such behavior can
be mitigated by properly tuning the droop coefficients or introducing damping factors.

It should also be noted that the current study focuses on typical operating conditions,
and extreme cases with large SOC differences or rapidly varying loads have not been
exhaustively investigated. Further studies will consider a more comprehensive evaluation
under diverse operating scenarios.

Furthermore, the proposed method preserves the conventional droop-control structure
and only modifies the droop coefficient adaptively according to SOC deviation. Conse-
quently, no additional communication infrastructure or specialized hardware is required.
Since the arctangent function is continuous and bounded, moderate SOC estimation errors
or measurement noise are not expected to cause abrupt coefficient variations. Nevertheless,
a detailed investigation of hardware implementation issues, measurement uncertainty, and
real-time experimental validation will be considered in future work.
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5. Conclusions

This paper proposes an improved SOC-based adaptive droop control strategy for
photovoltaic DC microgrids with distributed energy storage units (DESUs), aiming to
address the limitations of conventional droop control methods in terms of slow SOC
equalization. By introducing a nonlinear arctangent-based droop adjustment mechanism, a
capacity compensation factor, and an acceleration term, the proposed strategy enhances
the flexibility of droop coefficient regulation while maintaining satisfactory performance
under the considered operating scenarios.

The effectiveness of the proposed strategy has been verified through MATLAB/Simulink
simulations under discharging, charging, and irradiance variation scenarios. Compared with
the conventional SOC-based droop control strategy, the proposed method improves SOC
balancing performance. Specifically, the SOC equalization time is reduced from 47.5 s to 25 s in
discharging mode, from 38 s to 18.5 s in charging mode, and from 39 s to 16 s under irradiance
variation conditions. These results indicate faster SOC convergence and improved dynamic
response within the scope of the considered simulation conditions.

In addition, a time-integrated SOC deviation index is introduced to evaluate the cumu-
lative SOC imbalance during system operation. This index provides a useful performance
metric for comparing SOC balancing effectiveness among different control strategies. It
should be noted that this index is used for performance evaluation only and does not
directly quantify battery degradation or lifetime in the absence of a validated aging model.

It should also be emphasized that the validation in this study is limited to the con-
sidered simulation scenarios. Broader operating conditions, such as a wider range of
initial SOC distributions, load variations, and renewable energy fluctuations, have not been
exhaustively investigated and require further study.

Future work will focus on extending the validation of the proposed strategy under
more diverse operating conditions to further assess its robustness and practical applicability.

Overall, the proposed method improves SOC coordination performance under the
considered simulation conditions and provides a feasible control approach for distributed
energy storage management in DC microgrids.
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